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Modulation of the junction resistance between metallic nanowires is a crucial factor for high performance of 
the network-structured conducting film. Here, we show that under current flow, silver nanowire (AgNW) 
network films can be stabilised by minimizing the Joule heating at the NW-NW junction assisted by in-situ 
interconnection with a small amount (less than 3 wt%) of single-walled carbon nanotubes (SWCNTs). This 
was achieved by direct deposition of AgNW suspension containing SWCNTs functionalised with quadruple 
hydrogen bonding moieties excluding dispersant molecules. The electrical stabilisation mechanism of 
AgNW networks involves the modulation of the electrical transportation pathway by the SWCNTs through 
the SWCNT-AgNW junctions, which results in a relatively lower junction resistance than the NW-NW 
junction in the network film. In addition, we propose that good contact and Fermi level matching between 
AgNWs and modified SWCNTs lead to the modulation of the current pathway. The SWCNT-induced 
stabilisation of the AgNW networks was also demonstrated by irradiating the film with microwaves. The 
development of the high-throughput fabrication technology provides a robust and scalable strategy for 
realizing high-performance flexible transparent conductor films. 



One-dimensional (ID) nanomaterials, such as silver nanowires (AgNWs) or carbon nanotubes (CNTs), 
have been investigated as alternative electrode materials for fabricating transparent conducting films 
(TCFs) on plastic substrates instead of the brittle and expensive indium tin oxide 1 " 8 . The electrical 
conduction of these network films composed of ID materials is typically dominated by the tube-tube or NW- 
NW junction resistance 7 ' 9,10 . Under high current flow, the relatively high junction resistance between the metal 
NWs exerts a detrimental effect on the network stability, resulting in the breaking up of the NWs at the 
junction 1112 . Self-joining of the network junctions can be one solution to solve the issues encountered with 
stability and to enhance the electrical conductivity of the film via post treatment 91013 . Another strategy is to 
interconnect the NWs with other conducting materials or metal oxides 14 " 26 . However, these processes require 
additional steps, such as irradiation with light, heating at high temperatures and the removal of surfactant 
molecules after the deposition of AgNWs or AgNW hybrid materials. 

We suggest that a small amount of less defective single- walled CNTs (SWCNTs) with small bundle structures, 
because of their high thermal conductivity and stability, can be used as a good networking material to enhance the 
stability of AgNW networks under current flow. The major challenge in producing a well -distributed AgNW/ 
SWCNT hybrid film by a high-throughput process is the fabrication of a stable dispersion of SWCNTs in the 
medium of the AgNW dispersion. Without dispersion agents, hydrophobic SWCNTs aggregate in aqueous or 
alcoholic media used to disperse AgNWs. If insulating surfactant molecules are used for dispersion, an additional 
step involving their removal is required to prepare high performance TCFs. Moreover, it is challenging to 
overcome the van der Waals interaction between the nanotubes in an aqueous solution without dispersant. 
However, severe functionalisation of nanotubes is disadvantageous because the overall properties (e.g., the 
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electrical and thermal properties) of the resulting films can suffer 
because of the decreased electrical conductivity of the SWCNTs. 

Here we show that the solution mixture for thin film deposition 
can be prepared by the direct mixing of less defective SWCNTs 
functionalised with quadruple hydrogen bonding (QHB) motifs with 
an aqueous suspension of AgNWs. This enabled the preparation of 
well -distributed AgNW/SWCNT hybrid films by direct deposition of 
the solutions on plastic substrates without further treatments. 
Importantly, we demonstrate that under current flow, the AgNW 
network films were stabilised by interconnection with SWCNTs 
without the requirement of additional treatments via the modulation 
of the electrical current pathway. The stabilisation mechanism of the 
AgNW/SWCNT hybrid films was explored by fabricating thin film 
heaters and by irradiating the films with microwaves (MWs) to trig- 
ger an immediate Joule heating of AgNWs and SWCNTs on the film. 

Results 

High-throughput fabrication of the AgNW/SWCNT hybrid film. 

Figure la is the schematic representing the preparation of the solu- 
tion containing the AgNW and SWCNT mixture. First, SWCNTs 
were dispersed in dimethylformamide in the form of a paste (10 wt% 
solid content), without the addition of any other dispersant mole- 
cules. This was realised by attaching QHB motifs of 2-ureido- 
4[lH]pyrimidinone (UHP) moieties through a previously reported 
sequential coupling reaction 27 . During the initial acid treatment step, 
the defect formation in SWCNTs was minimized by a mild treatment 
at low temperatures (50°C). The SWCNTs functionalised with car- 
boxylic acid groups were subjected to reaction with toluene diiso- 
cyanate and 2-amino-4-hydroxy-6-methyl-pyrimidine sequentially 
to attach the isocyanate and UHP groups, respectively (Supplemen- 
tary Fig. SI). The paste of SWCNTs having QHB motifs (QHB- 
SWCNTs) was directly added into the aqueous AgNW suspension 
(0.5 wt%) (Supplementary Fig. S2) with shaking, as shown in 
Figure la. The resulting solution was stable without any other 
additional dispersion agent for dispersing SWCNTs. This may be 



realized by the solvation of dissociated UHP -functionalised SWC- 
NTs (UHP-SWCNTs) by water molecules. The solution was directly 
spray coated on polycarbonate substrates to fabricate the flexible 
TCFs, as shown in Figure lb. The Raman spectrum in Figure lc 
shows the co-existence of SWCNTs and AgNWs in the film. 
Importantly, the D/G ratio of the QHB -SWCNTs was as low as 
0.01, which indicates that the QHB formation process occurred by 
minimizing the defect formation on the nanotube surface. The tilted 
top-view scanning electron microscope (SEM) images show that the 
AgNWs were homogeneously interconnected with the SWCNTs in 
the film (Figs. 2a to d). By increasing the AgNW/SWCNT densities 
on the polycarbonate substrates, the sheet resistance (R s ) — 13 Q/sq 
and T ~ 90.2% could be achieved (Fig. 2e), which is comparable to 
those of the previously reported TCFs that showed the best perfor- 
mance 4 ' 23 . This is consistent with the predicted contact resistance 
(2 kQ) between AgNWs and their aspect ratio (~700) 4 . Notably, 
after the addition of about 3 wt% of SWCNTs, R s of the AgNW net- 
work film did not increase at the same transmittance, and irrespec- 
tive of the transmittance, more current flowed through the hybrid 
film (Fig. 2f). However, when more SWCNTs were incorporated in 
the AgNW networks, the optical absorption increased and the 
contact between AgNWs decreased, which resulted in an increase 
in R s of the film. 

Electrical stabilisation of AgNW networks with carbon nano- 
tubes. To demonstrate the effect of the SWCNTs on the electrical 
stability of the AgNW films under current flow, we fabricated trans- 
parent film heaters on flexible plastic substrates. The films with R s of 
—20 Q/sq and T > 90% was used to fabricate the transparent film 
heaters. Figure 3 shows the heating behavior of the films as a function 
of time and the infrared images of the fabricated AgNW-based film 
heaters at applied input voltages are furnished. In the case of the 
AgNW network films (without the SWCNTs), even at a low input 
voltage (of 9 V), hot spots and temperature drop could be observed 
even at low temperatures (of ~75°C) (Fig. 3a). However, by 
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Figure 1 | Dispersant-free fabrication of AgNW/SWCNT hybrid films, (a) A schematic representing the fabrication procedures used for preparing a 
stable AgNW/SWCNT mixture, (b) Optical transmission of the AgNW and AgNW/SWCNT hybrid films with R s ~ 20 ohm/sq. The inset image shows the 
bended AgNW/SWCNT hybrid film on a polycarbonate substrate lighting the LED lamp at 3 V. (c) Raman spectra of the QHB-SWCNT and AgNW/ 
UHP-SWCNT hybrid films. 
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Figure 2 | Characterization of the film. Tilted SEM images of the (a) AgNW film and AgNW/SWCNT hybrid films incorporating different amounts of 
SWCNTs; (b) 2.5, (c) 7.0, and (d) 20 wt%. (e) Plot of T (550 nm) vs. R s for AgNW and AgNW/SWCNT hybrid films containing various amounts of 
SWCNTs. (f) I-V plots of pristine AgNW and AgNW/SWCNT hybrid films. 



incorporating 2.5 wt% of SWCNTs in the AgNW networks, stable 
heating was realized even at 15 V, as shown in Figure 3b. To 
understand the reason behind the generation of hot spots in the 
film, we characterized the hot spot region by SEM. Notably, we 
could observe the breaking up of AgNWs at junctions (Fig. 3c), 
which might have been induced by rapid Joule heating at the junc- 
tions because of the high junction resistance of the AgNWs 1112 . In 
stark contrast, the AgNWs in hybrid films were very stable even after 
applying 15 V (Fig. 3d and supplementary Fig. S3). However, 
although a smaller amount of SWCNTs (1.5 wt%) in the AgNW 
networks did work as a stabiliser at 9 V, hot spots were observed 
in the film from 11 V (Supplementary Fig. S3). In addition, the 
AgNW/SWCNT hybrid films were found to be mechanically stable 
from the taping tests (Supplementary Fig. S4) because of the thermal 
welding or embedding of the AgNWs and SWCNTs into the plastic 
substrate during the current- induced heating. Finally, by applying a 
low voltage to the film (5 V), we observed the decolouring of the 
thermochromic material pattern (red color), which reacted at low 
temperatures (40°C) (Supplementary Fig. S5). When a higher voltage 
(of 7 V) was applied, the blue colored pattern decoloured at 60 °C. 
These decoloured patterns were recovered at 0 V. 

As mentioned earlier, the unstable heating and hot spot formation 
in the AgNW films under current flow are related to the high contact 
resistance between the AgNWs. In the AgNW film, the high NW- 
NW contact resistance (R n ~ 10 3 ~ 10 9 Q) and poor contact can 
induce high Joule heating at the junctions under the applied voltage, 
resulting in hot spot formation and breaking up of the AgNWs 10 ' 11 . 



However, as illustrated in Figure 3e, by interconnecting the AgNWs 
with the SWCNTs, we can modulate the current pathway through 
the NW-SWCNT junction because of the relatively low contact res- 
istance between the AgNW and SWCNT (R 12 « 10 3 Q) when com- 
pared to Rn (Supplementary Fig. S6) 28 . Moreover, highly flexible 
SWCNTs have more contact area than AgNWs do, as illustrated in 
Figure 4a and b. Due to the high thermal conductivity of the 
SWCNTs, a higher amount of SWCNTs in the AgNW networks 
may also act as thermal spreaders and network stabilisers in the film 
heaters even at high voltages. Furthermore, we measured the work 
function (O) values of AgNWs and UHP-SWCNTs by using UV 
photoelectron spectroscopy (UPS). The O values were estimated 
from the secondary electron cutoff using the relation O = hv-(E F - 
E cutoff ), where hv, E F , and E cutoff are the photon energy of the excita- 
tion light (21.22 eV), the Fermi level edge, and the measured 
secondary electron cutoff, respectively. Very small work function 
difference practically exists in the contact between AgNW and 
UHP-SWCNTs based on the 0> values of AgNW (4.1 eV) and 
UHP-SWCNTs (4.3 eV) (Fig. 4c). The secondary amine groups in 
UHP moieties may decrease the O value of UHP-SWCNTs, which 
was increased to 4.5 eV after thermal treatment at 250 °C under 
vacuum. Thus, we propose that good contact and Fermi level match- 
ing between AgNWs and UHP-SWCNTs lead to the modulation of 
the current pathway (Fig. 4d). 

Electrical stability under microwave irradiation. To further 
demonstrate the stabilisation mechanism, the AgNW and AgNW/ 
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Figure 3 | Film stability under the current flow. Time dependent temperature profiles of (a) AgNW and (b) AgNW/SWCNT hybrid films. The inset 
images are the infrared thermal images of the film heaters. Tilted SEM images of (c) AgNW and (d) AgNW/SWCNT hybrid films after heating at an input 
voltageof9 V. (e) Schematic of the AgNW/SWCNT hybrid networks showing the possible current flow pathway (I, II). R x and R 2 indicate the resistivity of 
AgNWs and SWCNTs, respectively. Rn or R 12 indicate the contact resistances between AgNWs or between an AgNW and SWCNTs. 



SWCNT hybrid films were irradiated with MWs inside the 
rectangular waveguide MW applicator, where the MW electric 
field was well-defined and controlled (Supplementary Fig. S7) 29 . 
The electric field of the MW could efficiently induce a rapidly 
oscillating current in the film and the AgNWs and SWCNTs 
directly interacted with the MWs, resulting in an immediate flash 
Ohmic heating by the induced current. Moreover, the induced 
current can flow at the junctions of the AgNWs or SWCNTs in the 
film. Thus, a small NW-NW or NW-SWCNT junction resistance can 
ensure stable heating by MW irradiation. Figure 5a shows the 
temperature change of the AgNW and AgNW/SWCNT hybrid 
films under MW irradiation as a function of time. Interestingly, in 
the AgNW film, we could observe a saw-like temperature profile, as 
indicated by arrows, while the AgNW/SWCNT hybrid film showed a 
stable and rapid increase of temperature under MW irradiation. 
Interestingly, the undesirable breaking up of AgNWs at the 
junctions was observed in the AgNW film (inset image in Fig. 5a). 
This result clearly shows that the high temperature heating at the 
NW-NW junction by Joule heating occurred because of the high 
contact resistance. However, as shown in Figure 5b, most of the 



AgNWs in AgNW/SWCNT hybrid film were stable even after 
heating to 160°C by MW irradiation. This indicates that the MW- 
induced current at the junction flowed through the AgNW and 
SWCNT junctions as illustrated in Figure 5c. Therefore, we believe 
that the interconnecting SWCNTs played the role of junction 
modifiers in the AgNW network film and stabilised the film under 
current flow. 

Discussion 

In summary, to stabilise AgNW films under heating by DC voltage, 
we modulated the AgNW network with SWCNTs, which was rea- 
lized by direct deposition of the films from a stable AgNW/SWCNT 
dispersion in aqueous medium. This was achieved by directly mixing 
SWCNTs functionalised with QHB moieties with an aqueous AgNW 
suspension. The AgNWs were uniformly interconnected with the 
SWCNTs, which dramatically stabilised the AgNW networks even 
at high input voltages, resulting in high-temperature heating. The 
stabilisation mechanism involves the modulation of the electrical 
transportation pathway in the film by the SWCNTs interconnecting 
the AgNWs by good contact and Fermi level matching between 
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Figure 4 | Wettability and Fermi level matching. Schematics of contact forms with metals of (a) AgNWs and (b) AgNW/SWCNTs. (c) UPS spectra of the 
AgNW, UHP-SWCNT, and thermally-treated UHP-SWCNT films, (d) Schematics of the reduced contact barrier formation with metals of AgNW 
and UHP-SWCNTs. 
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Figure 5 | AgNW network stability under microwave irradiation, (a) Temperature profile of the AgNW and AgNW/SWCNT hybrid films as a function 
of time under MW radiation at a power of 10 W. Inset images show the photograph (left) and the SEM image (right) of the AgNW film after MW 
irradiation, (c) Tilted SEM images of the stable AgNW/SWCNT hybrid films after MW irradiation, (d) Schematic illustration of stable heating of the 
AgNW/SWCNT hybrid film through the modulated current pathway created by SWCNTs interconnecting the AgNWs, wherein the microwave electric 
field is parallel to the film. The green arrow indicates the flow of the induced current through the AgNWs to the SWCNTs by MW irradiation. 
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AgNWs and modified- SWCNTs. The SWCNT-induced stabilisation 
of the AgNW networks was also demonstrated by irradiating the 
films with MWs. We believe that the high-throughput fabrication 
technology proposed here provides a robust and scalable strategy for 
realizing high-performance flexible transparent conducting elec- 
trode films. 

Methods 

Preparation of the AgNW and SWCNT solution and film fabrication. AgNWs 
with an average length of 25 um and average diameter of 35 nm (Figure S2), 
dispersed in water (0.5 wt%) were purchased from Nanopixys Inc. and used as 
received. SWCNTs produced by the arc-discharge method and purified by thermal 
treatment (purchased from Nano Solution, Extube) were used as interconnecting 
materials of AgNW networks without further separation of semiconducting and 
metallic SWCNTs. The SWCNT paste stabilised by QHBs was prepared in three steps 
as previously reported (Figure SI). The SWCNTs functionalised with carboxylic acid 
groups which were dispersed (3 g/L) in dimethylformamide (DMF) was allowed to 
react with an excess amount (4 mL) of toluene diisocyanate (Aldrich) at 50°C for 24 h 
under Ar purging to obtain the isocyanate- modified SWCNTs (SWCNTs-NCO). 
Subsequently, 500 mL of the SWCNTs-NCO dispersion in DMF was allowed to react 
with 2-amino-4-hydroxy-6-methyl-pyrimidine (Aldrich) (1.8 g) in the presence of 
4 mL of triethylacetate (catalyst) at 100°C for 20 h under magnetic stirring. The 
modified SWCNTs were then purified by centrifugation and vacuum filtration to 
remove the unreacted agents, and the product was redispersed in DMF in the form of 
a paste. Finally, a small amount of the SWCNT paste was directly mixed with the 
aqueous AgNW suspension to obtain the stable AgNW/SWCNT mixture. The 
transparent conducting films were fabricated by depositing the prepared solutions 
onto polycarbonate substrates using an automatic spray coater (NCS Co. Ltd., NCS- 
400) with a 1 .2 mm diameter nozzle and 400 X 400 mm 2 stage. 

Fabrication of the AgNW and AgNW/SWCNT hybrid film heaters. The 

transparent film heaters were fabricated in a two-terminal side-contact configuration. 
The DC voltage was supplied by a power supply to the film heater through a screen- 
printed silver contact at the film edge. The temperature of the film was measured 
using an IR thermal imager and a thermocouple located on the film. To fabricate the 
thermochromic display, we sprayed colored Chameleon® reversible thermochromic 
inks through shadow masks onto the thin film heater. 

MW irradiation of the film. The films on the plastic substrates were placed inside a 
MW applicator, containing a moving metal short and a rectangular parallelepiped 
waveguide. A MW generator (PM740T, Richardson Electronics, Ltd.) supplied a 
power of 150-300 W at a frequency of 2450 MHz to the films. The surface 
temperatures of the films were measured using an infrared optical sensor (MI3-LT, 
Raytek). 

Characterisation. The surfaces morphologies of the samples were imaged by field- 
emission scanning electron microscopy (Hitachi S4800). The structural 
characteristics of the AgNW and AgNW/SWCNT hybrid films were investigated by 
confocal Raman spectrometry (Ntegra Spectra, NT-MDT) with an excitation 
wavelength of 633 nm. The transmittance of each film was measured using a Varian 
Cary winUV spectrometer. The sheet resistance measurements were collected using a 
four-probe tester (Loresta, MCP-T610). The work functions of the AgNWs, UHP- 
SWCNTs, UHP-SWCNTs treated at 250°C 1 h under vacuum were obtained from 
ultraviolet photoelectron spectroscopy (UPS; AXISNOVA, Kratoslnc). 
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